Abstract -This paper focus on the determination of the influence of the electrode-surface area / anode-compartment volume ratio (ESAVR) on the performance of microbial fuel cells (MFC), both in terms of the generation of electricity and the removal of organic matter from waste. Real wastewater coming from a winery factory was used and five ESAVRs were tested in separate MFCs, ranging from 0.15 to 0.75cm 2 cm -3 . Results demonstrate that the electricity generation increases by decreasing the anode-compartment volume. Thus, by increasing ESAVR, maximum current density increased from 583 to 2416 mA m -2 . However, the COD removal was found to be more efficient upon decreasing the ESAVR (from 590 to 1075 mg COD L -1 d -1 ). Results are of extreme significance for the mechanical design of MFC in order to optimize their performance during normal operation.
INTRODUCTION
Microbial fuel cells (MFC) convert the chemical energy stored in organic and inorganic molecules directly into electricity, using microorganisms as biocatalysts (Rodrigo et al., 2007; Dumas et al., 2008; Logan, 2010; Kim et al., 2015b; Kim et al., 2015c) . Microorganisms oxidize organic matter on the anode, producing electrons, which move through an external electrical circuit towards the cathode, reducing an electron acceptor (Chae et al., 2009) . Transport of ions through the bulk liquid or through an ion selective membrane keeps the charge balance in the fuel cell (Rabaey and Verstraete, 2005; Logan et al., 2006) .
Several parameters, such as operating conditions, reactor configuration, electrode material, membrane type, electrode surface area and external resistance are known to influence MFC performance and they are typically studied in the literature (Lepage et al., 2012) . Thus, great efforts have been devoted to improve MFC power generation by optimizing system configurations and materials (Franks and Nevin, 2010) , and significant progress has been made in the past few years. Nevertheless, the power output of a MFC achieved presently is still insufficient for practical application. Because of that, the studies about energy harvesting are still being focused on small-load applications because the output energy is too small to drive electronics with high-power requirement. Electric devices such as DC motors (pumps) with a demand for amp-level current and high voltage input are rarely investigated in the MFC studies (Winfield et al., 2012; Erbay et al., 2015; Ge et al., 2015; Sevda et al., 2016) . More common is the development of miniature microbial fuel cells (mini-MFCs) (Chen et al., 2011) . Due to a miniature volume and a low substrate consumption, the mini-MFC is especially recommended for medical, communication and other areas, and it is also suitable for evaluating the electricity generation characteristics of microorganisms, such as electrochemical activity, maximal potential, and power density (Qian and Morse, 2011; Chae, 2012; Ren et al., 2012; Mink and Hussain, 2013; Mink et al., 2014; Zuo et al., 2015; Yang et al., 2016b) . Various mini-MFCs have been proposed in the literature, including a highpower-density mini-MFC (Ringeisen et al., 2006) , biofilm enhanced mini-MFC (Biffinger et al., 2007a) , nanoporous filter MFC (Biffinger et al., 2007b, c) , on-chip MFC (Tominaka et al., 2008) ), polydimethylsiloxane mini-MFC (Siu and Chiao, 2008) , and mini-MFCs arrays (Chen et al., 2011; Hou et al., 2012) . MFCs may also be used to measure water quality since the bacterial metabolism and growth will be impacted by the toxic components in water, such as formaldehyde, benzene, hexane, toluene, and heavy metals (Di Lorenzo et al., 2014; Kim et al., 2015b; Yang et al., 2016a) .
However, to our best knowledge, there are no studies on the effects of anode volume and relation of electrode surface area/anode compartment volume on MFC performance, and it is potentially a very interesting possibility to improve power densities. Therefore, in this work, the objective has been to determine the influence of the ratio between the electrode surface and the anode-compartment volume on microbial fuel cell (MFC) performance, characterized both in terms of electricity generation and removal of organic matter. To do this, electrode surface /anodic compartment volume ratios (ESAVR) ranging from 0.15 to 0.75 cm 2 cm -3 have been tested with five different MFC operated under the same operating conditions and fed with real winery wastewater.
MATERIALS AND METHODS
Microbial fuel cell set-up. The MFC used was a dual chamber separated by using a Sterion® membrane as proton exchange membrane. The cathode volume was 4 cm 3 and the anode volumes were 4, 8, 12, 16 and 20 cm 3 , depending on the experiment. Carbon felts (KFA10, SGL Carbon Group®) were used as electrodes in both chambers (3 cm 2 each). The distance between anode and cathode was 1 cm, and it was kept in all experimental conditions. To modify the anode volume, 1, 2, 3 and 4 resin-coated polymer frames were added in the anode of the MFC to attain a total anode volume of 8, 12, 16 and 20 cm 3 . An external resistance of 120 Ω was connected to the electrodes. The five MFCs were operated simultaneously in semi-continuous mode and at room temperature (25 ± 3 °C). The anode chamber was connected to a reservoir of 110 cm 3 and a peristaltic pump was used to circulate the anolyte with a flow of 25 cm 3 min -1 . Every day 50 cm 3 of liquid was removed from the anode chamber and replaced by fresh wastewater. The cathode compartment of the MFC was connected to a water reservoir of 250 cm 3 and a peristaltic pump was used to circulate an HCl solution (pH 3.5) from the reservoir through the cathode chamber of the MFC at 25 cm 3 min -1
. An aquarium aerator and porous stone diffusers were used for supplying the oxygen to the cathode reservoir and chamber.
Characterization techniques. A digital multimeter (Keithley 2000 Multimeter) was connected to the system to monitor continuously the value of the cell voltage at the value of the external load (120Ω). Chemical oxygen demand (COD) was determined using a Velp ECO-16 digester and a Pharo 100 Merck spectrophotometer analyzer and pH, conductivity and dissolved oxygen were measured with a GLP22 Crison pH meter, a Crison Cm 35 conductivity meter and an Oxi538 WTW oxy meter, respectively. Polarization curves were recorded periodically and obtained by replacing the external resistance with different loads. Three important parameters were evaluated: the open circuit voltage (OCV) or the maximum allowable MFC voltage, the maximum intensity and the maximum power density of the MFC. In addition, the shape of curves gives important information about the limiting processes, which control the performance of the cell.
Inoculum and wastewater. The microorganisms used in the anode compartment were obtained from the activated sludge reactor at the municipal Wastewater Treatment Plant of Ciudad Real (Spain) and concentrated by sedimentation. The amounts of the total suspended solids and total volatile solids were 15.8 and 11.1 g dm -3 , respectively. The anode compartment was inoculated with 90% of activated sludge and 10% winery wastewater. Winery wastewater samples were collected from the regulating reservoir of the industrial wastewater treatment plant of the winery Bodegas Crisve (Socuéllamos, Spain), and stored at 4°C before being used. The characteristics were COD 6850 mg dm ) was used as buffer to adjust the pH to 6.5. Dibasic sodium phosphate (Na 2 HPO 4 ·2H 2 O) and ammonium sulfate ((NH 4 ) 2 SO 4 ) were added to increase the phosphorous and nitrogen concentrations up to values needed to avoid nutrient limitation of the efficiency of the process.
RESULTS AND DISCUSSION
Performance of a MFC has to be characterized in terms of treatment efficiency and electricity production. The target for MFC operation is always to obtain high values for both parameters. However, this goal is not always easy to be reached, because while the treatment efficiency depends on the total population of microorganisms, the electricity production depends only on the percentage of electrogenic microorganisms within this total population. These electrogenic microorganisms are in direct competition with anaerobic microorganisms in MFC and an increase in the volume of the anode-compartment cell could not always have a positive effect on their predominance. In fact, the formation of biofilms of electrogenic microorganisms on the surface of the anode could be negatively affected by this competition, especially if microorganisms contained in the suspended culture succeed in the competition for the substrate.
Taking into account this remark, Table 1 shows the average values of the COD, nitrogen and phosphorus measured before and after the daily feeding cycles, for each ESAVR studied, once the performance of the five MFCs studied in this work had met the steady state. As it can be seen, just a small part of the organic matter contained in the feeding wastewater was removed during the operation of the MFC. In addition, the COD removal clearly depends on the ESAVR: the higher the anode-compartment volume, the higher is the COD consuming rate (removed organic loading rate). In the MFC operated with 4 cm 3 of anode chamber (ESAVR of 0.75 cm 2 cm -3 ), the daily COD consumption rate was 597 mg COD L -1 d -1 . When the volume increased five times up to 20 cm 3 (ESAVR of 0.15 cm 2 cm -3 ), the daily COD consumption rate almost doubled, reaching 1076 mg COD L -1 d -1 . As expected, the TN and TP consumption rates show the same behavior as the organic matter removal and higher anode-compartment volumes led to higher consumption of nutrients, indicating a positive effect on the degradation of the waste and a promotion of the formation of biomass. Thus, when the MFC was operated with an anodic compartment of 4 cm 3 , the MFC yields the minimum average consumption rate of TN and TP (31 mg TN L -1 d -1 and 0.5 mg TP L -1 d -1 , respectively). Using 5 times more anode-compartment volume, the TN and TP consumption rate increases, reaching the value of 48 mg TN L -1 d -1 and 2.6 mg TP L -1 d -1 . The relationship between N/COD consumption was close to 0.05 while the P/COD was only 0.0016, and both values are low in comparison with the values typically reported for biological wastewater treatment processes, which are 0.12 and 0.02, respectively. This difference can be explained in terms of the special characteristics of the wastewater used, which comes directly from a winery factory. As it was pointed out in a previous work (Penteado et al., 2016) , the unbalanced COD:N:P ratios is one of the biggest problems found in treating this type of wastewater with biological processes.One important observation is that concentrations of COD, TN and TP did not become the liming step in MFC operation because the concentration at the end of each daily feeding cycle is not negligible. Figure 1 depicts the average daily voltage generated by the five MFCs studied in this work. This cell voltage is produced by connecting the MFC to a 120 ohm resistance (electric load).
The five tests show the same trends with an increase in the cell voltage from the startup stage up to a steady state value in which cell voltage fluctuates. This fluctuation is characteristic of biological processes and can be explained in terms of the multiplicity of processes happening simultaneously in the cell, which are not damped because of the low solid retention time. In comparing the different tests, there is a clear influence of the anode-compartment volume on the production of electricity and a huge difference is observed between the two extreme values tested in this work. The highest average cell voltage was observed in MFCs operated with 4 and 8 cm 3 (87 mV, with a maximum peak of 117 mV) and the lowest was reached in the fuel cell operated with 20 cm 3 of anode compartment (21 mV). It is also important to point out that there are very small differences between the cell operated with ESAVR of 0.75 and 0.375 cm 2 cm -3 and experimental results almost overlap. In fact, this is the same behavior observed for the influence of the organic load (with COD consumption rates of nearly 600 mg COD L -1 d -1 in both cases). On the contrary, from these values the resulting cell voltage decreases significantly while the COD consumption rate increases. Hence, the cell current density increased from 583 to 2416 mA m -2 when the ESAVR increased from 0.15 to 0.75 cm 2 cm -3 (Figure 2 ), which indicates that lower anode volume enhanced the MFC power generation, suggesting a very important role of microorganisms fixed in the anodic biofilm on the performance of the MFC. At this point, it is important to take into account that the intensity produced by a MFC can be related to the fraction of COD consumed by electrogenic microorganisms through equation 1, where j is the current density, A is the electrode surface area, F is the Faraday constant and r COD is the total COD consumption rate (Rodrigo et al., 2007) . For each test, polarization curves were recorded and they showed a similar behavior to that observed in the resulting cell voltages, as can be seen in Figure 2, 3 ) leads to a significant increase in the power densities: the maximum power densities were five times higher than that reached with 20 cm 3 of anode volume (420 mW m -2 ). However, the maximum power density was 734 mW m -2 , observed when 8 cm 3 of anode volume was used in the MFC. It is interesting to observe that the slope of the polarization curve (Figure 2 ) decreased when the anode volume decreased from 20 to 4 cm 3 , and this observation can be explained in terms of the reduction in the ohmic loses due to the microbial community selection in higher shear force, as a consequence of the reduction of anode volume. The lowest slope corresponds to the experiment carried out in the cell operated at 0.375 cm 2 cm -3 . Hence, results shown in this work demonstrate that there is a clear influence of the ESAVR on the production of electricity and COD consumption rate. This parameter has not been investigated previously to the knowledge of authors and, in the light of the present literature, it is not easy to compare values obtained in this work with values of the ESVAR used by other authors because there are many other factors that vary and hence no relevant conclusions can be drawn. However, using a ESAVR of 2.80 cm 2 /cm 3 (Fan et al., 2007a, b; Liu et al., 2007) a power density as high as 18000 mW m -2 was obtained using acetate as substrate and a carbon cloth anode. Likewise, with a ESAVR of 1.67 cm 2 /cm 3 (although in this case using ferricyanide as mediator in the catholyte) (Ringeisen et al., 2006) (Kim et al., 2015a; Kim et al., 2015c) 
CONCLUSIONS
From this work, it can be concluded that the ESAVR exhibits a high influence on the performance of microbial fuel cells and the choice of a suitable value can help to optimize the production of electricity in this type of energy production device. This ESAVR parameter also affects the COD consumption rate, but in an opposite trend. Feeding the MFC with actual winery wastewater, it was found that current intensities increased from 583 to 2416 mA m -2 when the ESAVR increased from 0.15 to 0.75 cm 2 cm -3 , while the COD consumption rate decreased from 1075 down to 591 mg COD L -1 d -1 within the same range. This means that the COD consumed by electrogenic microorganisms can vary within 1 and 8% of the total COD metabolized only by modifying the ESAVR.
